Abstract -Light diffraction on optically anisotropic substrates using sine surface microrelief has been calculated by using the OAGSM method. The influence of the microrelief depth and material birefringence on the diffraction intensity on the order of 0-3 is reviewed and discussed. The results are compared with the results of the calculation for a rectangular microrelief. The microrelief depth and material birefringence allows the realization of different polarization states of the light beam transmitted or reflected by the substrate. The approach can be used to control the light-beam propagation for different applications including LCD backlights.
Introduction
Many recent LCD, LED, and OLED arrays have compone nts with surface microrelief to enhance the light efficiency of the device, 1,2 e.g., such diffractive components were proposed for backlighting the LCDs used in mobile phones. 3, 4 The microrelief has various periodicities and different shapes (sine, triangle, rectangular, cylinder, etc.). As a rule, optically isotropic materials are used for these components. Some methods of calculation of the optical properties of such gratings are described in Refs. 5 and 6. Utilization of only isotropic media in such components implies some restrictions on the modification of LCD performance for their improvement. For LCDs where their main component has a microrelief that is a light-guide plate (LGP) or light-outcoupling elements on the LGP surface. There are not many applications of birefringent materials in these elements. [7] [8] [9] It is especially difficult to model polarized light propagation in them in the absence of a reliable and fast method for such calculations.
In Refs. 10-12, the Optical Anisotropic Gratings with Surface Microrelief (OAGSM) approach was developed to calculate polarized light diffraction in birefringent media with surface microrelief. The advantages of this method are as follows: calculation of new diffraction optical elements (DOEs) with simple functions of separation and/or deflection of light beam independently on its polarization as well as with a combination of these functions having different polarizations. Besides this, the method provides a short calculation time compared with other software.
In Ref. 12, this approach was checked for gratings with rectangular microrelief. The goal of the paper is to implement such calculations for the case of sine microrelief and compare them with the results for rectangular microrelief. The method and the results obtained can be used for the development of new optical polarizing elements.
2
Calculation parameters Figure 1 illustrates the calculation parameters. A substrate has a solid part with thickness H and a microrelief part. The periodical sinusoidal or rectangular microrelief is characterized by the period Λ and depth h (both Λ and h are normalized to the light-beam wavelength λ). The material of the substrate is a uniaxial medium (a polymer or a liquid crystal) with the largest refraction index (n e = n 2 ) in the direction of the grooves. For comparison, the case of the isotropic material (n 1 = n 2 = n 3 = 1.50) was also considered too. In our calculations, the solid part was absent (H = 0). The incidence angle of a light beam with respect to the substrate normal is designated as θ. In our paper, only the case of the normal incidence is considered. The vector of the polarization is revolved by the angle ϕ = 45°relative to the direction of the grooves of the microrelief. It has two components -TE and TM -that are perpendicular and parallel to the grooves, respectively.
The computations were made for the sinusoidal microrelief and the results were compared with the results obtained for the rectangular microrelief. 11, 12 The refraction-index value for an ordinary ray was assigned equal to 1.50 and for the extraordinary ray 1.50, 1.55, 1.60, and 1.70, respectively.
Calculation results
Let us review first the thickness dependencies of the diffraction intensity on the orders from zero to three in accordance with the components of both transmitted and reflected TE and TM waves, respectively (Fig. 2) .
FIGURE 2 -Results of the calculation of the intensities of the diffraction orders 0, 1, 2, and 3 for both transmitted and reflected TE and TM waves. Left -sine and right -rectangular microrelief. ∆n = 0; n 1 = n 3 = 1.5.
In general, the intensity of the transmitted TE and TM waves considerably exceeds the intensity of the corresponding reflected waves. For the rectangular microrelief, the calculated intensity of the reflected TE and TM waves does not exceed the value of 0.03, and for the sinusoidal microrelief, it is less than 0.07.
The apparent periodicity of the I 0 and I 1 dependencies on the thickness for the reflected waves is most likely a result of the calculation inaccuracy. Dispersion of the calculated I 0 and I 1 values for both transmitted TE and TM waves is approximately on the same order. Therefore, the main attention is paid to the dependencies of the diffraction intensity on the thickness for only transmitted TE and TM waves.
The dependencies of the I 0 -I 3 diffraction order intensity on h/λ for both transmitted TE and TM waves at different birefringence values are shown in Fig. 3 . Let us note the main distinctions of these dependences for both the sinusoidal and rectangular microrelief.
The dependencies I 0 (h/λ) -I 3 (h/λ) have an oscillating form with a relative height with maximums that are approximately equal to I 0 TE = 0.5, I 1 TE = 0.2, I 2 TE = 0.1, I 3 TE = 0.03 for the rectangular microrelief and I 1 TE = 0.2, I 2 TE = 0.17, I 3 TE = 0.07 for the sinusoidal microrelief. The maxima location depends on ∆n (see Fig. 4 and a corresponding text). In the case of the sinusoidal microrelief, the I 2 TE and I 3 TE values are about twice as high as corresponding values for the rectangular microrelief, and the shape of the I 0 TE (h/λ) dependence is essentially changed. For the rectangular microrelief, both maxima and minima of the I 0 TE and I 1 TE dependencies are in the antiphase, i.e., the location of the I 0 (h/λ) minima corresponds to the location of the I 1 (h/λ) maxima and vice versa. When the ∆n value increases then the position of the extrema for both dependences shifts equally (see below). For the sinusoidal microrelief, the location of the maxima for the I 0 (h/λ) dependency does not correspond to the location of the minima in the I 1 (h/λ) dependency.
As for I 2 TE (h/λ) dependencies, for the rectangular microrelief, the location of their maximum corresponds to the location of the second maximum of the I 0 (h/λ) curve and the first minimum of the I 1 (h/λ) dependency, while for the sinusoidal microrelief the location of the I 2 TE (h/λ) maximum corresponds to the location of the first minimum of the I 1 (h/λ) dependency.
For the I 3 TE (h/λ) dependencies, the location of their first maximum corresponds approximately to the location of the first minimum of the I 1 (h/λ) dependency. The maximum height is very low, it is comparable to the calculation accuracy. For the sinusoidal microrelief, the I 3 TE (h/λ) value is almost zero for h/λ ≤ 1.5, then it increases to I 3 = 0.05 (∆n = 0) and I 3 = 0.15 (∆n = 0.2) at h/λ = 3.
The influence of the birefringence ∆n on the location of the I 0 TE -I 3 TE extrema and their values is shown in Fig. 4 with separate thickness dependencies for each diffraction order at different ∆n values.
For diffraction on the rectangular microrelief, the location of the first minimum for the zeroth-order shifts to a lower thickness with the birefringence growth: from h/λ = 1.0 at ∆n = 0 up to h/λ = 0.75 at ∆n = 0.2. The same is true for other extrema. The intensity of the next maximum increases by 30% at the ∆n growth from 0 to 0.2. For the sinusoidal microrelief, the shift of the maximum I 0 TE is small, but the intensity value increases essentially with the ∆n growth owing to the longer optical path for extraordinary waves.
For the first order (rectangular microrelief), the shift of the extrema location is similar to the one described for the zeroth order, and the intensity of the second maximum increases by 10% in comparison with the first maximum. For both maxima, their intensity does not depend on the ∆n value. For the sinusoidal microrelief, the location of the first maximum and its intensity corresponds to the same value for the rectangular microrelief. However, the location of other extrema is observed at essentially higher h/λ values than in the case of the rectangular microrelief. The height of the second maximum is 1.5 times lower than the height of the first maximum. A characteristic property of the diffraction on the sinusoidal microrelief is the non-zero intensity at the first minimum at low ∆n values.
For the second order (rectangular microrelief), the shift of the first maximum location to lower thickness is also observed (from h/λ = 2.0 at ∆n = 0 to h/λ = 1.4 at ∆n = 0.2). The maximum's intensity is reduced 2× for a ∆n change from 0 to 0.2. Similar behavior is observed for the corresponding dependencies for the sinusoidal microrelief (the shift of the first maximum from h/λ = 2.2 at ∆n = 0 to h/λ = 1.6 at ∆n = 0.2 and small reduction in intensity).
For the third order, it is difficult to judge the maximum's shift and a change in its intensity owing to insufficient calculation accuracy for the rectangular microrelief. For the sinusoidal microrelief, the I 3 value increases with the ∆n growth.
Let us compare the thickness dependencies of the intensities for both polarization types (TE and TM waves) and both microrelief types (Fig. 5) and point to TM maximum coincide (h/λ = 2.4). The I 3 TM dependency has n on-zero values only at h/λ > 2.
Application of the OAGSM software allows for different combinations of both TE and TM waves in the diffraction orders. Some examples of such combinations are presented in Figs. 6 and 7 . In Fig. 6 , an opportunity to suppress both TE and TM waves or only TE-wave polarizations in the zero order and transmission of both positive and negative first orders for both polarizations is shown for a normally incident beam.
In Fig. 7 , a case of a tilted incident beam is shown. Parameters of the grating are selected in such a way that for the TE wave the grating functions as a splitter, and for the TM wave as a deflector. At the grating output, the zero beam has a linear polarization, but the first beam has an elliptical polarization.
Some other cases of beam splitting or deflection for both rectangular and sine microrelief were described in Ref. 11. FIGURE 6 -Left: suppression of both TE and TM polarizations in the zero order and transmission of both positive and negative first orders for both polarizations in the sine microrelief grating with n o = 1.50, n e = 1.55, h/λ = 1.3. Right: suppression of only TE polarization in the zero order and transmission of both positive and negative first orders for both polarizations in the sine microrelief grating with n o = 1.50, n e = 1.6, h/λ = 0.8. Normal incidence (θ = 0°). That is important for many practical applications. It is obvious that by varying the microrelief parameters (depth and period) as well as refractive indices of the anisotropic medium with surface microrelief results in a realization of almost any combination of TE and TM waves, i.e., almost any polarization state of the light beam transmitted or reflected by the substrate. Additionally, by varying the microrelief shape, one can achieve better homogeneity of an LCD backlight. 1, 2 Modeling of the LCD backlight with birefringent elements having optical anisotropy requires working with a wide range of wavelength and incidence angles as well as material parameters: birefringence and microrelief shape, height, and depth. This work is planned in future.
